Plants release various chemicals to avoid and repel their enemies, including herbivores, pathogenic microbes, and nematodes, and attract beneficial friends, such as carnivores of herbivores, symbiotic microbes, and so on. In some cases, plants release 20-30% of carbons assimilated by photosynthesis to the rhizosphere. This implies that relatively large amounts of plant-derived chemicals are continuously released into the rhizosphere and influence biota; presumably rendering them favorable to the plant producing the chemicals. Since some of the chemicals are produced only in very small amounts and decompose rapidly in the rhizosphere due to their instability, their contribution to the communication between plants and other organisms has not been revealed; therefore, there may be many key chemical players yet to be identified in communications between plants and other organisms.
Root Parasitic Plants
Approximately 1% of angiosperms (3000-4500 spp.) are parasitic plants that depend on their host plants for survival. Among these parasitic plants, Striga and Orobanche (syn. Phelipanche) spp. in the family Orobanchaceae are the two most devastating root parasites causing enormous crop losses around the world. Striga spp. are hemiparasites and attack important Poaceae food crops, including sorghum, maize, sugarcane and rice. Orobanche spp. are achlorophyllous holoparasites attacking dicots, including tomato, tobacco, carrot, potato, and legumes.
The seeds of these root parasites have special requirements for germination. To germinate, the seeds need to be kept in a warm wet environment for several days and then exposed to chemical stimuli, germination stimulants, released from plant
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(for prominent achievement) roots. Among the known germination stimulants, SLs have been shown to be distributed widely in the plant kingdom because they are indispensable chemical signals for root colonization by symbiotic arbuscular mycorrhizal (AM) fungi, with which more than 80% of land plants form a symbiotic relationship; therefore, root parasitic plants exploit SLs released for AM fungi.
Development of Analytical Method for Strigolactones Using LC-MS/MS
SLs can be analyzed by gas chromatography-mass spectrometry (GC-MS) after several purification steps during which partial decomposition of unstable SLs seems to occur; therefore, a rapid and simple analytical method for SLs by high performance liquid chromatography connected to tandem mass spectrometry (LC-MS/MS) has been developed, because LC-MS/MS has been used extensively to analyze thermolabile and unstable compounds, including peptides and proteins.
In particular, selective detection by means of multiple reaction monitoring (MRM) can be applied for the analysis of trace amounts of compounds in crude samples.
In the full-scan positive mass spectra of SLs, the sodium adduct ions ([MϩNa] ϩ ) were most abundant, whereas the intensities of protonated molecular ions were rather weak. On collision-induced dissociation (CID), these sodium adduct ions afforded [MϩNaϪ97] ϩ ions as a result of neutral loss of the D-ring moiety. Therefore, for MRM, e.g., transition m/z 369Ͼ272 was selected for strigol and its isomers and transition m/z 353Ͼ256 for 5-deoxystrigol. Using this method, natural SLs in ethyl acetate extracts of plant root exudates can be detected and semi-quantified. In some cases, SLs released into growth medium could be analyzed by injecting an aliquot of the medium into the LC-MS/MS system; therefore, the development of this analytical method enabled us to screen known and novel SLs in root exudates from various plants. In general, the detection limit of SLs in LC-MS/MS is less than 1 pg, while 1 ng may be needed for GC-MS analysis of SLs.
Structure Determination of Novel Strigolactones
Characterization of known SLs in root exudates from various plants have been conducted by LC-MS/MS analysis and by comparing retention times of active compounds in reversephased HPLC with those of synthetic and natural SL standards. Active fractions with retention times different from those of known SLs were purified and their structures determined. Alectrol was first isolated from cowpea (Vigna unguiculata) root exudate as a germination stimulant for Alectra vogelii, another root parasite, and Striga gesnerioides, a unique Striga that parasitizes dicots, and was thought to be an isomer of strigol as it gave an ion at m/z 346 in electron impact ionization mass spectrometry (EI-MS). The structure originally proposed for alectrol was disproved by Mori et al. by comparing its spectral data with those of a synthetic compound; therefore, the structure of alectrol remained to be determined. For structural determination, 'alectrol' was again purified from red clover root exudates and subjected to extensive spectroscopic analyses. Consequently, 'alectrol' was identified as orobanchyl acetate, not an isomer of strigol. In ESI-MS, 'alectrol' gave [MϩH] ϩ ion at m/z 389 along with the sodium adduct ion at m/z 411. It is interesting that 'alectrol' or orobanchyl acetate also gave a fragment ion at m/z 369, . These data suggested that this SL had a structure similar to orobanchyl acetate but with an extra oxygen atom. 1D and 2D NMR spectroscopic analyses revealed that this SL was 4a,8a-epoxyorobanchyl acetate and it was named fabacyl acetate. X-ray diffraction analysis of fabacyl acetate indicated that the epoxide and acetyloxyl groups were oriented on the same side of the plane of ring B, and if it contained a 4a-acetyloxyl group as in orobanchyl acetate, it was a 2Ј-epi isomer. Therefore, the absolute stereochemistry of fabacyl acetate was determined by comparing spectroscopic data of four stereoisomers prepared from (ϩ)-orobanchol and (ϩ)-2Ј-epiorobanchol. One of the stereoisomers prepared from (ϩ)-2Ј-epiorobanchol had retention times identical to those of fabacyl acetate in LC-MS and GC-MS analyses, and its 1 H NMR spectrum was identical to that of fabacyl acetate. The stereoisomer showed a positive circular dichroism (CD), while fabacyl acetate had a negative CD, indicating that fabacyl acetate was the enantiomer of the stereoisomer prepared from (ϩ)-2Ј-epiorobanchol. Accordingly, fabacyl acetate was determined as ent-2Ј-epi-4a,8a-epoxyorobanchyl acetate, the first natural ent-SL.
So far, more than 14 SLs have been isolated, mainly as germination stimulants for root parasitic plants, but more SLs remain to be characterized. Since plants produce and release mixtures of SLs, quantitative and qualitative differences of SLs in the mixtures are important in host recognition of root parasitic plants.
tion. For example, several reports have demonstrated that fertilizer applications suppressed the emergence of root parasites, and root exudates from plants grown under phosphate (Pi) starvation were more active in hyphal branching of AM fungi than those from plants grown with sufficient Pi nutrition. However, it was not clear whether such a reduction in seed germination and hyphal branching activities was due to reduced production of SLs or increased production of inhibitors. Therefore, the effects of plant nutrients (N, P, K, Mg, Ca) were examined on the exudation of a SL orobanchol in red clover. The results clearly demonstrated that reduced supply of P but not of other elements examined in the culture medium significantly promoted the release of orobanchol. Similar results were obtained with sorghum where N deficiency as well as P deficiency promoted the exudation of 5-deoxystrigol, one of the major SLs in sorghum. The level of 5-deoxystrigol in root tissues was also increased under P and N deficiency but that in shoot tissues was not affected. Therefore it is likely that, in leguminous plants, which have a symbiotic relationship with Rhizobia and acquire N from root nodules, only P deficiency enhances SL exudation to attract AM symbionts for P supply. Non-leguminous plants such as sorghum seem to depend on AM symbionts for the supply of both N and P; however, non-mycotrophic plants, such as Arabidopsis and white lupin, were found to produce SLs, suggesting that SLs had other unknown functions indispensable for the normal growth and development of the plants themselves. SLs have been identified as a novel class of plant hormones inhibiting shoot branching.
Conclusion
It is well known that a new specific bioassay will lead to the discovery of a novel class of biologically active compounds. Germination assays with seeds of root parasitic plants are highly sensitive with high specificity. The recent development of sophisticated mass spectrometry enabled us to detect unstable bioactive compounds at trace amounts but it is still less sensitive than specific bioassays. This is true for strigolactones; germination assays are 100 to 1000-fold more active than LC-MS/MS analysis.
Root parasitic plants (weeds) cause devastating damage to agricultural production all over the world. The annual crop losses caused by Striga have been estimated to be US$10 billion in sub-Saharan Africa. Striga scourge may be limited to developing countries, but S. asiatica, first identified in 1955 in North Carolina, U.S.A., has not yet been eradicated. Similarly, weedy Orobanche and Phelipanche species are now gradually invading developed countries in Europe, Oceania, and North America. In order to establish an affordable management strategy for these root parasites, we should further clarify the details of their host recognition mechanism.
